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Pressure diuresis and natriuresis in DOCA-salt mice
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Pressure diuresis and natrinresis in DOCA-salt mice. The increasing
use of mice in renal and cardiovascular studies has necessitated adapting
physiological methods used for rats to mice, which are far smaller in size.
We have adapted measurements of continuous renal blood flow, pressure
natriuresis and diuresis, and laser-Doppler cortical and medullary flow to
40 g mice with DOCA-salt hypertension. We demonstrated a rightward
shift in the prcssure-natriuresis-diuresis curve. We conclude that with
current, commercially-available equipment, sophisticated renal physiology
can be conducted in the mouse. These methods will be important to
investigations of gene-targeted mice.
The kidney, by controlling the relationship between renal
perfusion pressure (RPP), urinary sodium excretion (UN,V), and
water excretion (UV) over time, is the long-term regulator of
arterial blood pressure [11. This relationship has been termed
pressure-natriuresis-diuresis, and was first firmly established ex-
perimentally by Selkurt [2]. Guyton et al elucidated the complex
interrelationships involved and termed the pressure-natriuresis-
diuresis relationship the renal function curve [31• Pressure natri-
uresis experiments in dogs, rats, and other animals have offered
much insight into the pathophysiology of hypertension. Recently,
the technique of gene targeting has been developed to test genetic
hypotheses of blood pressure regulation [4]. The technology is
currently confined to mice, which are difficult models because of
their small size. We have developed methods to establish the renal
function curve for mice. We validated the procedure in a hyper-
tensive model, namely the DOCA-salt mouse. We believe that this
technique will prove valuable for studying hypertension and renal
regulation in mice.
Experiments were performed on male NMRI mice weighing
42 2 g purchased from Tierzucht Schoenwalde GmbH (Schoen-
walde, Germany). The mice were allowed free access to standard
chow (0.25% sodium; SNIFF Spezialitäten GmbH, Soest, Ger-
many) and drinking water ad libitum. The experimental protocol
was approved by the local council on animal care, whose standards
correspond to those of the American Physiological Society. To
create DOCA-salt hypertension in four-week-old mice, the mice
were uninephrectomized and a 50-mg DOCA pellet (21 day
release; Innovative Research of America, Saratose, FL, USA) was
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implanted subcutaneously in the abdominal area under ketamine!
xylacine anesthesia (Parke-Davis GmbH, Berlin, and Bayer AG,
Leverkusen, Germany), and the incision carefully sutured.
DOCA-salt mice were given regular chow and a 1% saline
solution to drink; uninephrectomized control mice were given tap
water. Blood pressures were determined after three weeks by tail
plethysmography using a computerized tail-cuff system (BP-2000;
Visitech Systems, Napa, NC, USA), as described by Krege et al
[5]. The mice (N = 7 in each group) were trained for seven days;
measurements were then recorded daily (2 sets of 10 measure-
ments) for four to five days. The tail cuff blood pressure values on
the last two days before the experiments were averaged and
yielded 159 4 and 119 7 mm Hg, respectively (P < 0.05).
For pressure natriuresis, the mice were anesthetized with
ketamine (50 .rg/g intraperitoneally; Parke-Davis GmbH) and
mactin (100 .rgIg intraperitoneally; Res Biochemical mc, Natick,
MA, USA) and placed on a heated table for maintenance of body
temperature at 37°C. Catheters (PE 90) were placed into the
trachea for facilitating breathing and into the carotid artery (PE
10) for measurement of systemic mean arterial pressure (MAP)
and renal perfusion pressure (RPP). Catheters were also posi-
tioned into the jugular vein (PE 50) for infusion of 0.9% normal
saline solution (1 pJ/min/g body wt), and into the urinary bladder
(PE 50) for urine collections. After midline and flank incisions a
0.5 mm V-series flowprobe (Transonic System Inc., Ithaca, NY,
USA) was placed around the left renal artery and kept in place by
a micromanipulator. The flowprobe was connected to a flowmeter
(T206; Transonic System Inc.). The Transonic Systems' flowmeter
utilized transit-time principles of ultrasound to measure volume
flow directly with the perivascular flowprobe. The renal artery was
nestled within the deepest angle of the V-reflector and kept by the
micromanipulator in the position of the highest sensitivity. There-
after, all manipulations were done without moving the position of
the flowprobe. A lubricating jelly (TC-90952-02; Carter Products,
New York NY, USA) acted as an acoustical coupler and replaced
all air space around the probe's acoustic window.
For cortical and medullary blood flow, we relied on the
techniques described earlier by Nakanishi et al [6]. Each fiber was
inserted manually through the renal capsule. Both fibers were
secured in place by placing a drop of cyanoacrylate glue around a
piece of PESO tubing encircling and guiding the fiber at a
predetermined distance from the tip of the fibers. The implanted
fibers consisted of 500 j.Lm diameter fiber-optic strands (Mitsub-
ishi Cable America, New York, NY, USA). Renal cortical and
medullary signals were simultaneously recorded by connecting the
exteriorized ends of the implanted fibers to the master probes
specifically designed for such applications. A drop of a silicone
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Fig. 1. Relationship (mean SEM) between RPP and UV (A) and UNV
(B) in control (Lii) and DOCA-salt () mice (N = 7 for both). The
prcssure-diuresis and prcssure-natriuresis relationships for DOCA-salt
mice were shifted rightward and were flattened (*P < 0.05). The absence
of vertical error bars indicates that the data were too tight to enable
inclusion of the bar.
immersion fluid (Cargille Labs, Cedar Grove, NJ, USA) was used
at the interface of the connection for complete optical matching.
The flow signals from the renal cortex and medulla were mea-
sured and processed by a laser-Doppler flow meter (BLF21D;
Transonic System Inc., Ithaca, NY, USA). Pressure and flow data
were continuously recorded using a TSE computer system (TSE,
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Fig. 2. Relationship between RPP and RBF (A) and RVR (B) in control
(El) and DOCA-salt (c) mice. The RBF for given RPP relationships are
flat for both groups indicating excellent autoregulation, despite the lower
RBF of DOCA-salt mice. DOCA-salt mice had a greater RVR compared
to controls (*P < 0.05).
Bad Homburg, Germany). The position of the fibers was verified
at sacrifice under a dissection microscope.
Ligatures were loosely placed around the celiac and mesenteric
arteries, as well around the abdominal aorta below the kidney for
later occlusion, so that RPP could be varied. After surgery and a
45-minute equilibration period, MAP and renal blood flow (RBF)
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Fig. 3. Representative tracing from a control mouse showing values at the highest blood pressure stage in the pressure-natriuresis curve. At this time,
a volume challenge of 1 ml normal saline was infused over one minute. The maneuver caused blood pressure and heart rate to acutely decrease. Total
renal blood flow (flowprobe and flowmeter), and medullary blood flow increased by about 40%, while the cortical blood flow (both by laser Doppler
flow probes) remained unchanged.
were recorded continuously. Urine was sampled in two 10- to
30-minute collection periods, depending on the magnitude of the
urine flow. RPP was then increased approximately 30 mm Hg by
ligating the mesenteric and celiac arteries. After another 20-
minute equilibration period, urine was collected during two
10-minute periods. RPP was then increased by a further 30 mm
Hg by occluding the aorta below the kidney. After a 10-minute
equilibration period, urine was again collected during two 10-
minute collection periods. At the end of the pressure-natriuresis
experiments, the mice were volume expanded with a bolus infu-
sion of 1 ml normal saline over one minute, When the protocol
was completed, blood was drawn to measure hematocrit. MAP
and RBF measurements were recorded on a computer system
(TSE GmbH). Representative MAP and RBF values were calcu-
lated for each period by averaging all recorded values during that
time period. Urine volume (UV) was determined gravimetrically.
Urinary sodium excretion (UNaV) was determined by flame
photometry (FLM3; Radiometer, Copenhagen, Denmark). UNaV
and RBF were normalized per g kidney weight (kwt). For
conventional morphology the kidneys were removed after the
experiment, cut sagitally, and fixed in 4% buffered paraformalde-
hyde at room temperature. Tissue fixation and staining techniques
are detailed elsewhere [7]. Data are presented as mean SEM.
Statistically significant differences in mean values were evaluated
by analysis of variance for repeated measures and the Duncan's
multiple range test. A value of P < 0.05 was considered statisti-
cally significant.
Baseline MAP averaged 95 6 or 84 3 mm Hg and RBF
4.8 0.4 or 8.4 ml/min/g kwt in DOCA-salt and control mice,
respectively (P < 0.05). Renal vascular resistance (RVR) calcu-
lated from these values for DOCA-salt and control mice were
18.9 1.9 and 10.6 1.2 mm Hg/ml/min/g kwt. Figure 1 shows
the pressure-diuresis (UV for a given RPP, Fig. 1A) and natri-
uresis (UNaV for a given RPP, Fig. 1B) responses in control and
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Fig. 4. Periodic acid-Schitf stain of DOCA.salt
(A) and control (B) mice. Kidneys were
removed after pressure-natriuresis experiments.
The DOCA-salt mice show tubular, glomerular,
and interstitial damage, hyaline depositions,
proteinaceous casts within the tubular lumen,
and atrophy of distal tubules. In control mice
the Sections were normal.
DOCA-salt mice. It was possible to raise RPP by about 60 mm Hg
in the mice. In both cases, the DOCA-salt mice exhibited curves
that were flatter and shifted to the right of the control mice (F <
0.05). Figure 2 shows the effects of changing RPP on RBF and
renal vascular resistance (RVR) in the two groups of mice. RBF
(Fig. 2A) was well autoregulated throtighout the entire range in
RPP in both groups. The autoregulation was enabled by an
increase in RVR as RPP was increased (Fig. 2B). The hematocrits
of both groups were not different. Figure 3 shows a representative
tracing from a control rat showing systolic, mean, and diastolic
blood pressures, heart rate, total renal blood flow, cortical, and
medullary blood flow at the end of the highest blood pressure
stage in pressure natriuresis. At that point, we infused I ml normal
saline over one minute. We observed a transient decrease in blood
pressure and heart rate, a 40% increase in total renal blood flow,
a 40% increase in medullary blood flow, but no change in cortical
blood flow. Not shown are renal vascular resistance which de-
creased by 50% and urine volume, which increased threefold. The
changes in DOCA-salt mice were qualitatively similar; however,
changes in medullary blood flow were lower than in control mice
(data not shown). Light microscopy, as shown in Figure 4,
revealed tubular, glomerular, and interstitial damage, hyaline
deposits, proteinaceous casts within the tubular lumen, and
atrophy of distal tubules in DOCA-salt mice. The sections were
normal in control mice. Since the kidneys were removed after the
pressure-diuresis-natriuresis experiments, the sections demon-
strate that the experiments did not interfere with the quality of the
histology.
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This study shows that techniques used in rats to evaluate
pressure-diuresis-natriuresis relationships [7—91 can be adapted to
mice. We were able to increase UV and UNaV 3,5-fold as RPP
was increased approximately 60 mm Hg in control and DO CA-salt
mice. This magnitude resembles values we obtained in experi-
ments with rats [6, 8]. We were interested to observe how well
both groups of mice autoregulated their RBF in the range of RPP
values tested. These results are similar to values we have shown
earlier in rats. However, in the rat studies we "clamped" external
neural and humoral influences by renal denervation and the
intravenous infusion of aldosterone, corticosterone, norepineph-
rifle, and vasopressin [7, 8]. Furthermore, the animals were
volume expanded and had hematocrits much lower than the 50%
observed in the mice. The mice in the present study were infused
with only a basal normal saline solution and all regulatory systems
extrinsic and intrinsic to the kidneys were left undisturbed. Our
goal was to define the pressure-natriuresis-diuresis relationships
of normotensive and hypertensive mice in the undisturbed state;
however, control of external regulatory systems, including renal
denervation, is technically feasible in the mouse as well. Our data
show the expected rightward shift in pressure-diuresis and pres-
sure-natriuresis in DOCA-salt mice. The remarkable ability of the
kidney to preserve autoregulation, in spite of decreased renal
blood flow and substantial histological injury, was evident in
DOCA-salt mice.
We did not measure glomerular filtration rate (GFR) in the
mice. To do so with our current biochemical techniques would
have interfered with the experiments. The animal's plasma vol-
ume comprises about 1.5 ml. However, radioisotope methods are
clearly feasible in the mouse. Our RBF method was intended for
the rat and we were pleased to observe that the smallest commer-
cially available probe was acceptable to measure RBF in mice.
Moreover, we were able to employ laser Doppler flow probe
technology to monitor cortical and medullary blood flow sepa-
rately in DOCA-salt mice to compliment data we accrued earlier
in DOCA-salt rats [10]. The manipulations in our model caused
no discernible renal damage, so that we are confident that
reproducible, reliable data can be obtained.
Our study is not the first demonstration of DOCA-salt hyper-
tension in mice. Raij et al [11] showed blood pressure and
histological changes similar to those reported here. They demon-
strated increased damage in C5-deficient mice. Johns et al [12]
have also developed DO CA-salt hypertension in mice with similar
blood pressure changes. RBF has been determined previously in
mice with similar methods [13]; however, the use of laser Doppler
cortical and medullary blood flows and the shift in pressure-
diuresis and pressure-natriuresis curves have not been reported.
Gene targeting experiments have made available mice that will
exhibit altered renal function curves, including mice with multiple
copies of the angiotensinogen gene, the renin gene, the angioten-
sin converting enyzme gene, as well as mice with disrupted nitric
oxide synthase, atrial natriuretic peptide, and parathyroid hor-
mone-related peptide genes [4]. Our study shows that pressure
natriuresis experiments will be possible in all these models as well
as those subsequently to be developed.
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